ABSTRACT: Float-Zone n-bulk p-readout silicon sensors are currently operated in the tracking layers of many High Energy Physics experiments, where they are exposed to moderate to high fluences of hadrons. Though n-readout sensors, either with p or n bulk, are available and are offering an improved radiation hardness, p-on-n sensors are still widely used and are e.g. installed in the present ATLAS and CMS experiments at CERN. Their radiation hardness and long-term performance are therefore of high interest to the detector community.
Introduction
After being introduced in the late 70's, silicon sensors have become the standard choice for the construction of inner tracking systems of High Energy Physics (HEP) experiments. Their superior performance in terms of timing and spatial resolution make them suitable for finding primary and secondary vertices through accurate tracking of charged particles. For finding secondary vertices silicon detectors are often located as close as a few cm or less from the interaction point. This however exposes those detectors to extremely high hadron fluences that, in the biggest two LHC experiments, ATLAS and CMS, are expected to reach up to about 2·10 15 n eq /cm 2 in the silicon pixel detectors [1, 2] and 2·10 14 n eq /cm 2 in the silicon strip trackers [2, 3] . Therefore, throughout the operation of the detectors, a loss in performance has to be anticipated. Several radiation damage effects impact on the silicon sensor performance:
• Increase in leakage current
• Increase in full depletion voltage (V dep )
• Increase of trapping probability for drifting charge carriers.
Apart from the first effect, which has obvious consequences on the increase of the power dissipated by the sensors and the increase of thermal (shot) noise, the last two effects have a direct impact on the signal formation. An increase in V dep leads to the inability to fully deplete the sensor's bulk, thus reducing its active volume. Moreover, after irradiation, carriers are trapped in defects and are therefore not contributing anymore to the induced signal. For n-bulk, p-readout Float-Zone (FZ) silicon, the situation is further complicated by the radiation induced type inversion (space charge sign inversion) of the bulk [4] , that causes the depleted region to develop from the side of the sensor which is opposite to the readout electrode. Since the region of the segmented sensors which mostly -1 -contributes to the signal is the one closest to the readout electrodes (stronger weighting field) [5, 6] , the loss of efficiency in the readout electrode region results in an important signal loss.
This last effect has led to the introduction of n-readout sensors on n-bulk for the regions exposed to the highest fluences (e.g. the inner pixel detectors of ATLAS and CMS). Here the nbulk quickly type inverts to p-type with increasing irradiation (at fluences in the order of 10 12 ÷ 10 13 n eq /cm 2 , depending from the initial bulk resitivity), thus shifting the region of high electric field from the backside to the segmented front electrode. The n-readout sensors also present the additional advantage of collecting electrons, leading to a lower trapping-induced charge loss, due to the higher mobility of electrons with respect to holes [7] . n-readout detectors with p-type bulk are also foreseen for the current upgrade programs of the Phase-II strip tracker upgrades of the LHC experiments, in order to cope with the significant increase in luminosity of the experiments [8, 9] .
Nevertheless, radiation hardness of p-on-n sensors is still of high interest, as they are widely used in several trackers for High Energy Physics experiments and the ATLAS and CMS experiments are still accumulating radiation fluence leading to further performance degradation of the devices. A good understanding of their performance evolution with radiation is therefore relevant to their operation over the projected lifetime.
The radiation induced defects in the silicon crystal structure that cause these degradation effects are most often not stable and consequently lead to a change of the sensor properties with time. The mobility of defects in silicon or their transformation is usually accelerated exponentially with temperature, a process known as annealing [10] . Two stages are generally identified in the annealing process. In the first stage, known as beneficial annealing, part of the negative space charge generated by the defects is neutralized. Following this stage, the reverse annealing takes place, during which additional negative space charge is created in the sensor bulk [10] . Extensive data concerning the development of V dep in FZ p-on-n sensors with irradiation and annealing can be found in literature. The most accepted parametrization, the so called Hamburg Model, can be found in [10] . Other phenomenological studies and parameterizations on Float Zone p-on-n diodes and ministrip sensor properties with irradiation and annealing have been proposed [11] [12] [13] [14] [15] . The study presented in [11] , in particular, gives a first evaluation of annealing effects on the charge collection efficiency of irradiated diodes. A decrease in the cluster charge is observed in type-inverted sensors after long annealing times. The technical design reports of HEP experiments always account for the effects of annealing, with a strict planning of room-temperature maintenance periods of the irradiated silicon tracking and vertex detectors. The aim of this work is to study the performance of irradiated FZ p-readout, n-bulk strip sensors in terms of signal and noise charge after irradiation and during annealing and to assess the operational limits and related performance losses in a harsh radiation environment like the ones present at the different LHC experiments.
Studied structures and irradiation experiments
The sensors studied here were standard FZ n-bulk, p-readout ministrip sensors, manufactured by Hamamatsu (HPK) [16] . The sensors were 320 µm thick, with an active area of 1 × 8 cm 2 . The strips were AC coupled, with 80 µm pitch and 20 µm strip width.
Secondary Ion Mass Spectroscopy (SIMS) and Spreading Resistance (SR) measurements were performed at ITME-Warsaw (PL) [17] on an unirradiated pad device originating from the same -2 -wafer batch as the strip sensors studied in this work. The SIMS measurements allowed determination of the oxygen and carbon concentration, which are known to have an impact on the silicon sensor radiation damage [18, 19] . It has been reported that a high carbon concentration leads to a faster increase of the depletion voltage with irradiation [18] . On the other hand, oxygen has been shown to have a beneficial effect in reducing the increase of depletion voltage with increasing charged hadron radiation levels, while in most neutron irradiation experiments no impact of the oxygen content has been found [19] . This effect and its dependence on the type of particle used for the irradiation experiment has been the subject of a recent study [20] . Radiation induced positively charged microscopic defects with enhanced production rate in oxygen rich material counterbalance the radiation induced negative space charge. These defects are point defects which are predominantly created after charged particle irradiation. The oxygen concentration as measured by the SIMS method is shown in figure 1 . Technical constraints limited the depth scan to the first ∼ 135 µm starting from the front side. The oxygen concentration shows a gradient, with a higher concentration close to the electrode implant. There is evidence for oxygen diffusion from the silicon oxide surface layers during the high temperature steps of the sensor processing. Spreading resistance measurements were performed as well. The resulting resistivity and corresponding N eff (effective doping concentration), vs. depth is shown in figure 2 for the first ∼200 µm on the front (junction) side. The spatial resolution of the measurement was not good enough to resolve the implant at the front junction and the first data point taken at the top surface (450 mΩ · cm) is omitted in the plot. The doping shows a good uniformity throughout the whole sensor bulk. The average resistivity is 1.71 · 10 3 Ω·cm, corresponding to an initial depletion voltage of ∼ 210 V. The SIMS and SR measurements confirm that the sensor material can be regarded as reasonably typical high-resistivity Float Zone silicon.
The irradiation was performed at two different facilities: CERN PS irradiation facility (24 GeV/c protons) [21] and the Louvain-La-Neuve (BE) neutron facility (20 MeV neutrons) [22] . equivalent fluence and are listed in table 1. While the sensors were cooled down to below −20 • C during neutron irradiations, the proton irradiations were performed at room temperature and lasted up to one week at ∼ 25 • C for the sensor irradiated to the highest fluence. When evaluating the data it should be remembered that a part of the beneficial annealing has already taken place during irradiation with protons. Table 1 also provides the depletion voltages of the detectors before irradiation with the exception of the sample with the lowest neutron fluence, for which the depletion voltage was not measured before irradiation. Table 1 . List of irradiated strip sensors. The last sensor was irradiated with a mixture of protons and neutrons (first 2·10 14 n eq /cm 2 neutrons and then 3·10 14 n eq /cm 2 protons). Since in actual HEP experiments the particle flux is a mixture of different kind of particles, one sensor was exposed to a mixed irradiation with both protons and neutrons, up to a total fluence of 5·10 14 n eq /cm 2 (first 2·10 14 n eq /cm 2 neutrons and then 3·10 14 n eq /cm 2 protons). All sensors were stored after irradiation at low temperature (< 0 • C) to prevent unplanned annealing.
CCE experimental set-up
Sliding "drawer" The Alibava [23] based set-up, used for the Charge Collection Efficiency (CCE) measurements presented here, is thoroughly described in [24] . A schematic representation of the set-up is provided in figure 3 . The purpose of this set-up is the measurement of the charge generated in the sensor by impinging MIPs (minimum ionizing particles), in this case β particles generated by a radioactive source. The expected charge generated in a 320 µm silicon by a MIP is ∼25000 e-h pairs. The set-up makes use of a 3.6 MBq 90 Sr source, allowing a recorded event rate of ∼ 100 Hz, and implements a cooling system that, along with a dry air flushing, can allow measurements down to a temperature of −30 • C with a stability ±1 • C. The temperature chosen for the measurements shown in the following section was −20 • C, in order to keep the leakage current below the compliance limit of the bias supply (1 mA) even for the most irradiated sensors. Current measurements were taken throughout the acquisition to monitor the thermal stability of the sensor. However it was not possible to measure the bulk leakage current, as the high voltage was applied to the ohmic side of the sensor and the guard ring was left floating. The CCE analysis was performed with a customized version of the ROOT macros provided with the Alibava system [23] . The analysis of the cluster charge was performed by setting a threshold of 3·ENC (Equivalent Noise Charge -∼1200 e − ) for the seed strip. Neighboring channels were added to the cluster if their charge was exceeding 1.5·ENC. Annealing steps were performed by placing the sensor together with the mounting PCB and support into an oven at a controlled temperature of 60 • C. The acceleration factors for the annealing of the effective doping concentration at this temperature, with respect to standard room temperature (20 • C), are 174 for the short term component and 544 for the long term component corresponding to activation energies of respectively (1.09 ± 0.03) and 1.33 ± 0.03 eV, as found in [10] .
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4 CCE measurements and annealing study
The most probable values (MPVs) of cluster charge were analysed and plotted as function of voltage for the different sensors at the different annealing stages. Figure 4 provides an example on how the MPVs of the cluster charge distribution curves were obtained by fitting a Landau convoluted with a Gaussian function to the curve. 1 · 10 15 n eq /cm 2 ). For these ones an early breakdown (starting at 100 V and 300 V, respectively) prevented charge collection efficiency studies. The cluster charge plot for the 1 · 10 14 n eq /cm 2 neutron irradiated sensor is shown in figure 5 .
The value of the full depletion voltage immediately after irradiation is ∼ 190 V. After 5040 minutes of annealing, an increase of V dep of ∼150 V is observed, indicating that the sensor already went through space charge sign inversion. However, even after such long annealing times, the signal at 500 V remains almost constant, with a maximum variation of 5% of the cluster charge over the whole annealing range. The CCE curves for the sensor irradiated with neutrons to 3 · 10 14 n eq /cm 2 are shown in figure 6 for the different annealing times. The V dep extracted from the curve immediately after irradiation is about 610 V. After the first two annealing steps (80 and 240 minutes) the full depletion voltage is reduced to ∼ 480 V. Further annealing brings the sensor in the reverse annealing region, with a depletion voltage that shifts above the highest applied voltage. Figure 7 shows the CCE for the sensor irradiation with neutrons to 5 · 10 14 n eq /cm 2 . The irradiation has moved the depletion voltage before annealing to ∼ 850 V, with a cluster charge of ∼ 9000 e at 500 V. Also in this case, beneficial annealing shifts the V dep to a lower value (∼ 620 V). Further annealing brings the V dep well above the bias supply limits, while the cluster charge at 500 V drops to ∼ 5500 e, which corresponds to a signal-to-noise ratio of less than 5 and did not allow to properly determine the most probable cluster charge value.
The data for the highest neutron fluence, far above the expected integrated fluence for strip detectors at the LHC, are shown in figure 8 . At this fluence, the cluster charge at 500 V is ∼ 6000 e. Beneficial annealing shows a slight improvement in the cluster charge at this voltage, though with reverse annealing the signal becomes lower again.
The with a corresponding higher charge at 500 V. However, the same charge as in the corresponding neutron irradiated sample is collected for the highest voltage applied in this work.
The last CCE annealing plot ( figure 11 ) refers to the case of the sensor irradiated with an equal fluence of protons and neutrons. The cluster charge at 500V (see figure 14) and the depletion voltage (see figure 15) For the measurements taken after 240 minutes at 60 • C, a significant drop in the cluster charge was observed (see figure 14) . The behaviour, which proved to be reproducible, is not visible at longer annealing times and remains unexplained. Figure 10 . Cluster charge vs. V bias at different annealing steps for the sensor irradiated with protons at 5·10 14 n eq /cm 2 .
In the present LHC experiments the maximum voltage of the power supplies for most of the strip trackers are limited to 500 V. For this reason, cluster charge values at this bias voltage are plotted as a function of annealing time in figure 12 . Cluster charge values are only heavily affected by annealing for sensors irradiated to at least 3 · 10 14 n eq /cm 2 . A bigger effect of beneficial annealing is observed in neutron irradiated sensors, though one should be reminded that proton irradiation was performed at room temperature. Thus it can be argued that most of the beneficial annealing took place while the sensor was still in the beam (a few days at ∼27 • C). At longer annealing times a decrease in the cluster charge for all samples irradiated with 3 · 10 14 n eq /cm 2 and above can be observed, with proton irradiated sensors showing a systematically higher value of cluster charge than neutron irradiated ones (see for example figure 12 ). fluence, indicating that the noise was dominated by the capacitive component in the measurements. One point corresponding to 240 minutes of annealing for the mixed irradiated detector shows an anomalously low noise charge. This is the same annealing stage at which, for the mixed irradiated detector, a decreasing behavior of cluster charge with voltage was observed ( figure 11 ). Since the two measurements (cluster charge and noise) were taken separately, a systematic error related to the CCE set-up can be excluded, and the anomalous behavior should be attributed to the sensor itself, though no explanation is proposed for it. Finally, V dep values were extracted for each sensor, at each annealing step, from the cluster charge (Q clust ) vs. voltage characteristics. The extraction was performed by plotting the 1/Q 2 clust vs. V bias and then fitting two straight lines to the rising slope and the region of saturated charge. Figure 15 Figure 15 . Depletion voltages as a function of fluence at the annealing minimum. The dotted lines represents the fits performed for fluences ≥ 3 · 10 14 n eq /cm 2 , well above type inversion expected for this type of sensor. For explanation about the derivation of N eff refer to [10] .
as a function of irradiation fluence at the annealing minimum. In this condition it is possible to extract an estimate for the g c (stable damage introduction rate) value by a linear fit on the points at higher fluences, where the type inversion has completely occurred. Such fit provided the values (0.99 ± 0.56) 10 −2 cm −1 and (0.92 ± 0.38) 10 −2 cm −1 for neutrons and protons, respectively. The large errors derive from the fact that since only two points were available for each fit, errors were only propagated from the accuracy by which the depletion voltage was extracted through manual fitting (as described above), assumed to be in the order of 10%. The obtained values for g c are compatible with values obtained by the Capacitance-Voltage characterization in previous works performed on the same type of sensors, where a g c = (1.22 ± 0.05) 10 −2 cm −1 was found [25] . Figure 16 shows the depletion voltage as a function of annealing time for all sensors. The data were fitted using the empirical parametrization for N eff proposed by the Hamburg model [10] :
with ∆N eff = N eff,0 − N eff Φ eq ,t(T a ) being the difference of the effective doping concentration measured before and after irradiation. In the fit only two parameters were left free, namely the donor-removal component (N C0 (1 − exp(−cΦ eq )), considered as a single parameter) and the long term damage parameter (N Y,∞ ). The former term is strongly material dependent and no reliable parametrization was found in literature for the material used. All remaining parameters were taken from [10] , with the exception of the g c term, which was extracted from the curves plotted in fig Finally, one should consider that V dep was extracted from cluster charge vs. bias voltage curves which are strongly affected by trapping in this work and thus might be different from the values obtained from CV characteristics.
Edge-TCT measurement
Annealing was stopped at 2480 minutes for the sensor irradiated to the highest neutron fluence (1 · 10 15 n eq /cm 2 ). At this stage, it was in fact not possible anymore to fit a Landau function with a convoluted Gaussian function to the cluster charge distribution for voltages lower than 800 V. It was hence decided to perform an Edge-TCT measurement on the sensor, using the set-up described in [24] in order to investigate the extremely low value of cluster charge observed in CCE measurements using electrons from a 90 Sr source. This technique uses of a pulsed infrared laser (80 ps pulse width) to generate a localized charge cloud in the bulk. The laser light is projected in the detector plane, perpedicularly to the strip direction. The laser is focused under a single strip whose signal -13 -is then read through an oscilloscope after having been amplified. By analyzing the resulting transient signals induced on the strip for different injection depths, one can extract information about the local electric field. A detailed description of the data analysis methods can be found in [26] . The corresponding plots for drift velocity and charge collection efficiency (the latter with a 25 ns integration window over the transient pulse) are shown in figures 17 and 18 respectively. Figure 18 . Efficiency of charge collection as function of generation depth for sensor irradiated at 10 15 n/cm 2 after 2480 minutes of annealing at 60 • C. Figure 17 shows a drift velocity (and hence field) profile developing from the ohmic contact of the sensor (z=300 µm). A narrow region with high field can be noticed on the strip side (z=0). Figure 18 shows the efficiency profile of the sensor.
-14 -It should be noted that in the measurement conditions for Edge-TCT, the weighting field is the one of a PAD detector even though a strip detector is used for the measurement. The reason is found in the fact that the charge is generated homogeneously in a light tunnel crossing underneath several strips. A detailed explanation is given in [26] . This is different from the situation where a source is used, since the charge is generated in a localized volume concerning one or two strips only. Here the weighting field of a strip detector is to be applied to understand the signal generation.
The low values for cluster charge observed with beta source measurements can thus be correlated to the poor overlapping of the high electric field and high weighting field regions of one strip [7] . The weighting field for this sensor geometry is significant only for the first 50 µm under the strip [27] . Figure 18 shows how the electric field in the strip region is low and has a limited depth extension. Charge carriers generated close to the ohmic contact are likely to be trapped before reaching the high weighting field region. The low electric field in the region between 50 and 100 µm, corresponding to a low drift velocity, increases the collection time for charge carriers, thus increasing their probability of being trapped.
Discussion of results
In the present work we have extensively characterized FZ p-on-n silicon strip sensors using a set-up for charge collection measurements with β particles to understand the charge collection properties of these sensors with annealing after irradiation. Although long annealing times have been investigated (the last step corresponding to ∼ 5 years at room temperature), they could be easily reached if sensors are not properly cooled throughout their operation: for example an increase of the sensor temperature to 40 • C would imply a factor 17 (29 for the long term annealing) in the annealing rate with respect to 20 • C [10] . Sensor performance does not seem to be affected up to fluences of 1 · 10 14 n eq /cm 2 , as long as a bias of 500 V can be provided. However higher fluences will require major care in keeping the sensors cold, as the cluster charge at 500 V could drop to values as low as ∼6,000 e − after irradiation with 3 · 10 14 n eq /cm 2 . A similar, recent work [28] has been published, determining the cluster charge annealing behavior of p-on-n sensors irradiated with reactor neutrons to a fluence of 2 · 10 14 n eq /cm 2 . The reported cluster charge falls in between the values observed in this work for the sensors irradiated with neutrons to fluences of 1 · 10 14 n eq /cm 2 and 3 · 10 14 n eq /cm 2 .
Further studies of the silicon material properties were performed to assess doping profiles and oxygen concentration in the studied sensors. These measurements were performed to provide a reference when comparing the results presented in this work with other similar measurements in literature on sensors produced by different manufactures. An Edge-TCT measurement was finally performed on a sensor where, due to high radiation fluence and annealing, almost no signal was visible anymore. This measurement led to the conclusion that the main reason for signal loss is related to the development of the depleted volume starting from the backside ohmic contact, where the weighting field of the readout electrodes is lower.
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